With recent advances in motion-sparing techniques in spine surgery, disc nucleus replacement (DNR) has been introduced as a viable method to restore the biomechanical functions of the spine. Several methods of DNR have been proposed in the literature. However, the risk of device migration or extrusion is a major issue that should be addressed for a successful DNR. DNR using a balloon nucleus (BN) filled with pressurized fluid may be capable of reducing such risks while preserving the advantages of DNR. The objective of this study was to investigate the biomechanical functionalities of the human cadaveric lumbar motion segments with a custom made BN filled with saline at internal fluid pressure of 0.3 or 0.6 MPa in terms of axial and rotational flexibilities of the L4-L5 motion segment. Axial flexibility was quantified by the axial displacement resulting from an axial compressive force of 400 N while the rotational flexibility by the range of motions determined as the rotational angles in response to a pure moment of 6.0 Nm in flexion, extension, and right-and left-lateral bending directions. These tests were performed successively on the motion segment in the following conditions: intact, post nucleotomy, implanting BN with 0.3 MPa, and BN with 0.6 MPa. The nucleotomy was found to significantly increase both the axial and rotational flexibilities while the implantation of the BN reduced the axial and rotational flexibilities to those of the intact segment. The axial and rotational flexibilities of the segment with the BN with 0.3 MPa were greater than those of the segment with the BN with 0.6 MPa. ß
Discogenic back pain is associated with degenerative changes of the lumbar intervertebral disc (IVD). The cause of discogenic pain varies and is often uncertain. Although poorly understood, the concept of discogenic pain has paved the road for a myriad of conservative and surgical therapeutic procedures. Nonsurgical conservative methods include bed rest, medications, exercise, physical therapy, acupuncture, and manipulation. When the conservative method fails, a surgical treatment is considered. Surgical treatment may be in the form of microdiscectomy, fusion, or other procedures. [1] [2] [3] [4] [5] Minimally invasive therapies for IVD herniation such as endoscopic discectomy, percutaneous discectomy, and chemonucleolysis are available as well. [6] [7] [8] [9] Recently, epidural injection of analgesics and intradiscal electrothermal therapy (IDET) are available as an option. Typical surgical methods include simple discectomy and/or spinal fusion with or without spinal instrumentation. Recent innovative motionsparing surgical techniques include artificial disc replacement technologies, posterior dynamic stabilization, and disc nucleus replacement (DNR). [10] [11] [12] The principles underlying these procedures are related to either ablation of IVD structures considered as "pain generators" or to stabilization of abnormal motion patterns. [13] [14] [15] [16] DNR is a motion-sparing surgical method for the treatment of degenerative and/or herniated discs by replacing the nucleus pulposus (NP) only with an insert, such as an elastomeric material-based device or a mechanical device with articulating joint(s), while preserving the annulus fibrosus (AF) as much as possible. Elastomeric devices are made of injectable or preformed hydrogel or non-hydrogel materials, and mechanical devices are one or two piece systems. The advantages of DNR are: (i) the surgical insertion with minimally invasive approaches (minimum surgical damage); (ii) reduced risk of adjacent segment disease as seen in other motion sparing techniques (i.e., total disc replacement); and (iii) multiple revision options are available in case of clinical failure. However, the risk of device migration or extrusion has been described as a major issue to be addressed for a successful DNR. Another potential risk would be the subsidence of DNR device particularly with a small contract area between the device and the vertebral bodies. [17] [18] [19] As a result, the introduced devices for DNR eventually cannot maintain the restored disc height, foraminal area, and biomechanical segmental motions because of the device migration or extrusion, and deformations and fractures of the end plate caused due to stress concentration.
A balloon nucleus pulposus (BN) filled with pressurized fluid might be an ideal insert for DNR because it resembles the normal intact NP and can provide the physiological function of the NP. The aim of this study was to investigate the biomechanical functionalities of the lumbar motion segment with a BN filled with pressurized fluid, which was developed specifically for this study. In vitro compression and flexibility tests were conducted to investigate the biomechanical functions of BN filled with pressurized fluid in terms of segmental motion before and after DNR.
MATERIALS AND METHODS

Balloon Nucleus Replacement System (BNRS)
The BNRS (Fig. 1a) which was developed specifically for this study consists of an inflatable balloon (i.e., BN) and a catheter based device for injecting a fluid (e.g. saline or any injectable hydrogel, etc.) into the balloon with a pressure control. The BN was made of polyurethane and has a valve specially designed for fluid injection and leakage prevention (Fig. 1b) . The thickness of the BN outer membrane was 0.2 mm. The design parameters of the BN were obtained using the finite element (FE) analysis from the same dimension of the L4-L5 IVD. The various sizes of the BN for the other levels of the lumbar spine were fabricated using the FE results as shown in Figure 1a . The BN size of 29 mm Â 42 mm was the only size used in this study because it was the best fit for the NP space in the L4-L5.
The micro-valve furnished in the BN membrane was fabricated using a biocompatible polyurethane and a stainless steel spring. It is a direct-type check valve, which is a basic component in general hydraulic systems. Fluid flows through the micro-valve when the tip of the catheter compresses the inlet of the valve. After relieving the tip, the flow path is closed completely by a spring force.
The fluid injection device as shown in Figure 2 consists of a pressure sensor (M5100S, Co., Ltd, Osan-si, Gyeonggi-do, Republic of Korea), a magnetic gear pump (DGS 19, Tuthill Pump Group, Alsip, IL), and an inverter (SV008IG5A-1, LSIS Co., Ltd, Anyang-si, Gyeonggi-do, Republic of Korea) for computer control of fluid flow. It allows the control of the fluid injection volume as a function of the fluid pressure. The injection device controls fluid pressure and flow by the PID (proportional-integral-derivative) control using a commercial software, LabVIEW (version 6, National Instruments, Austin, TX) with a PC.
The BN was designed for use in a minimally invasive surgery according to the following implantation procedure: (i) total nucleotomy via a 3 mm hole made through the AF 13 ;
(ii) insertion of the folded BN through the hole; and (iii) fluid injection into the BN using the injection device up to the fluid volume necessary to create the desired pressure.
Biomechanical Tests
The biomechanical performance of the BN was evaluated using L4-L5 motion segments obtained from four fresh cadaveric lumbar spines (male, age ranging from 53 to 62 years) using a specially designed biomechanical tester ( Fig. 3 ) which was fabricated and calibrated by a tester manufacturing company (Kyungsung, Ansan-si, Gyeonggi-do, Republic of Korea). This tester allows the application of compression force as well as pure moments in flexion-extension or lateral bending directions while measuring the resultant displacements, that is, disc height change and 3-dimensional rotational range of motions (ROMs) of the L4 vertebra. The load increments and commanded amounts of load were controlled using the PID control.
Each segment underwent biomechanical performance test successively in four different conditions: intact, nucleotomy, and BN implementation with two different balloon fluid pressures of 0.3 MPa (BN 0.3 MPa) and 0.6 MPa (BN 0.6 MPa) in the following manner. The intact specimen was axially compressed up to 400 N in order to measure the axial displacement of the L4 (disc height change). 20, 21 After measuring the axial displacement, a pure moment up to 6 Nm was applied with an increment of 1 Nm in flexion, extension, and lateral bending directions while measuring the ROMs of the L4 vertebra using 3-D motion analysis system (EVaRT v.5, Motion Analysis Corp., Santa Rosa, CA). A hole with a diameter of 3 mm was made on the right posterolateral AF using a Stiefel 1 disposable biopsy punch. A total nucleotomy was simulated on the intact segment by removing the NP using a pituitary rongeur through the hole. 13 The term, total nucleotomy, was used to emphasize that most of the NP was removed as much as possible in this study.
The specimen with nucleotomy underwent the same axial compression and flexibility tests. Then, the BN was implanted following the above mentioned procedure and tested as before. In this study, the BN was inflated by saline solution. The specimen with saline pressure 0.3 MPa (BN 0.3 MPa) was tested first. Finally, the fluid pressure was increased to 0.6 MPa and the specimen underwent the same biomechanical tests (BN 0.6 MPa). Two BN cases (the injection pressure of 0.3 MPa and 0.6 MPa) were tested in this study.
CT Images Analyses
A total of three CT (Brilliance 64 Channel, Philips, Amsterdam, Netherlands) images of each specimen (one image for the intact, the nucleotomy, and the BN 0.6 MPa) were obtained prior to the biomechanical test for each case. These CT images were used not only to confirm the successful surgical simulations (nucleotomy and BN implementation) but also to obtain anatomical data such as disc heights (anterior, midpoint, posterior), foraminal height and widths (upper, middle, lower), and posterior bulging of the disc) for the quantitative study of the effects of surgical simulations on these anatomical parameters which were measured using the methods described in a previous study. 22 
Data Analyses
Parameters obtained from the biomechanical performance tests in all tested cases include the axial stiffness and ROMs of the L4-L5 segment. Anatomical parameters measured from CT images were the disc heights (anterior, midpoint, posterior), the foraminal heights and widths (upper, middle, lower), and the posterior bulging of the disc. Statistical comparisons of the mean values of these parameters among the tested groups were carried out using the Wilcoxon signed rank test, which is a non-parametric statistical test (SPSS, Release IBM SPSS 23, IBM SPSS Inc., New York, NY).
RESULTS
Axial Compression Tests
The average axial displacements of the L4 vertebra resulting from an axial compression of 400 N were À1.40 AE 0.26 mm in the intact, À2.49 AE 0.23 mm in the nucleotomy, À1.49 AE 0.12 mm in the BN 0.3 MPa, and À1.33 AE 0.33 mm in the BN 0.6 MPa (Fig. 4) . The mean axial displacement of the nucleotomy group was significantly different from those of the intact, BN 0.3 MPa, and BN 0.6 MPa groups (p < 0.05). There was no difference in the axial displacement between the intact, BN 0.3 MPa and BN 0.6 MPa groups. Figure 5 shows the load-displacement behaviors of the L4-L5 motion segments in flexion-extension (A) and lateral bending (B) for all tested cases. The mean ROMs (AE SD) in terms of the rotational angle of the L4 vertebra in response to the maximum applied pure moment of AE6 Nm are listed in Table 1 .
Flexibility Tests
The flexion ROM of the nucleotomy group was significantly different from those of the other groups (p < 0.05). The extension ROM of the nucleotomy group was significantly different from those of the intact and BN 0.6 MPa groups (p < 0.05). The extension ROM of the intact group was significantly different from those of the nucleotomy and BN 0.3 MPa groups (p < 0.05). The flexion-extension ROM of the intact group was not different from that of the BN 0.6 MPa group.
The left-lateral bending ROM of the nucleotomy group was significantly different from those of the other groups (p < 0.05). The left-lateral bending ROM of BN 0.3 MPa group was significantly different from those of the intact and nucleotomy groups (p < 0.05). The right-lateral bending ROM of the nucleotomy group was significantly different from those of the intact and BN 0.6 MPa groups (p < 0.05). The right-lateral bending ROM of the intact group was significantly different from those of the nucleotomy and BN 0.3 MPa groups (p < 0.05). The left and right-lateral bending ROM of the intact group was not different from that of the BN 0.6 MPa group. 
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CT Images Analyses
Typical CT images obtained in this study are shown in Figure 6 . The consistency of the surgical simulations (degree of nucleotomy and location of the BN) was verified from these CT images. The anatomical data measured from the CT images are listed in Table 2 . The nucleotomy performed in this experiment had a trend to decrease the disc heights (0.1 > p > 0.05), and the foraminal height and widths (0.1 > p > 0.05). The foraminal height of nucleotomy was significantly different from those of the intact and BN 0.6 MPa (p < 0.05). In contrast, the BN 0.6 MPa had trends to restore the intervertebral spaces (disc heights and foraminal dimensions) back to those of the intact segment (0.1 > p > 0.05).
DISCUSSION
A BNRS has been under development in our laboratory in order to establish a safe and reliable DNR procedure. While a BN pulposus filled with a pressurized fluid (BN) is the core component of the BNRS, it was possible to manufacture a BN with following features using polyurethane selected from the consideration of biocompatibility and mechanical strength. An empty BN is in a folded form to allow its introduction into the NP space created by total nucleotomy through a small hole (3 mm in diameter) made through the AF, required for DNR procedure using a minimally invasive approach. It can also be inflated by a fluid injected into a specially designed valve furnished in the balloon membrane up to a desirable pressure in order to behave like a gelatinous NP with minimum risk of device migration, extrusion, and subsidence. Furthermore, its inflated shape resembles the natural NP shape in the IVD.
The incidence of migration or extrusion of BN inflated with pressurized fluid should be rare because it can completely fill the NP space created by total nucleotomy while the surgical defect in the AF is only a small hole. The large volume of the BN filled with fluid can provide a large device-endplate contact area, which is sufficient to significantly reduce the risk of device subsidence. In addition, the catheter-based device for the BNRS was designed for injecting a fluid (for instance saline or any injectable hydrogel, etc.) into the BN while controlling fluid pressure.
The results of biomechanical functionality tests of the BN revealed that the biomechanical behaviors of a motion segment with the BN 0.6 MPa implanted in its NP space are almost same as those of the intact motion segment. All anatomical dimensions of the motion segment measured in CT images taken prior to nucleotomy and the BN 0.6 MPa insertion were found A HUMAN CADAVERIC SPINE STUDY virtually the same. These results indicate a great potential of the BN 0.6 MPa for segmental motion preservation in vivo. Despite encouraging results, there are several clinical and technical issues that should be addressed prior to the clinical trial of the BN. For example, the NP removal method used in this in vitro study is not feasible in minimally invasive spine surgery because the multi-directional maneuver of a rongeur for total nucleotomy is impossible in a percutaneous set-up. Although not readily available, there are new methods of nucleotomy introduced in patents. [23] [24] [25] One viable option for the BNRS that has shown encouraging results is the vaporization of the NP using a bipolar radio frequency current with multiple electrodes, which can be introduced to the NP space through a catheter inserted in a hole made through the posterolateral AF.
Another clinical issue related to the BN implantation would be how much NP should be removed during nucleotomy. It would be very challenging to remove the NP completely (total nucleotomy) during a minimally invasive surgery. Then the bottom-line goal of nucleotomy for a NP prosthesis for DNR would be to create a sufficient space to adapt the device. It is expected that the BN implantation would not require the complete removal of the NP because thin outer membrane of the BN can perfectly conform its inflated shape almost to the surface of the void NP space, particularly with fluid pressure. A small volume of the NP residuals would not make the BN implantation impossible with such conforming ability. However, the position of the BN, which is asymmetric with respect to the sagittal plane, may result in abnormal segmental behaviors that may significantly affect the biomechanical behavior of the spine; this would be a topic for future study. Nonetheless, with the possibility of the problems, it is desirable to make every effort to create NP space with a shape that is as symmetric as possible with respect to the midsagittal plane.
Another clinical question would be if a 3 mm hole punctured through the AF for the BN insertion should be closed or not because it is a source of stress concentration and early failure of the AF structure. Although not presented in this paper, Von-Mises stresses in the periphery and vicinities of the hole predicted in FE analyses were much less than the failure stresses when subjected to axial compressive force and bending moments. Furthermore, no tearing or failure of the AF with a 2.5 mm hole was found in clinical studies of the efficacy of a navigable percutaneous decompression device [26] [27] [28] [29] which is introduced through a 2.5 mm punctured in the AF and ablates the NP for the treatment of a disc herniation in the posterior AF. These finding imply that a risk of complications associated a small hole in the AF may be low. However, the long-term effect of a small hole in the AF on biomechanical and biological characteristics of the IVD should be investigated comprehensively.
The indication of BN implantation would be another clinical issue that has to be addressed during the BN development process. While the indication of BN should be similar to that of other NP prostheses, it would be most desirable to implant the BN in mild narrowing IVDs rather than severe narrowing IVDs (Pfirrmann grade IV). In other words, this procedure would be applicable to moderate degenerated IVDs (Pfirrmann grade II or III) where material properties and strength of the AF could be uniform and intact. 30 In this study, the BN was filled with saline solution but may be inflated using any injectable fluid, such as in situ forming hydrogel. The selection of the inflating material should be made carefully based on the biocompatibility and in situ mechanical properties of the injectable material. Biocompatibility of the filling material is critical in case of fluid leakage due to any defects in the BN membrane which can occur owing to multiple reasons, such as in situ chemical degradation and excessive loads during accidents. In addition, the use of a material with mechanical properties similar to those of the human NP would be ideal on order to obtain physiological segmental behaviors. An exemplary material for BN inflation would be the reverse thermal hydrogel because of its excellent biocompatibility 31 as well as its rheological properties similar to those of the NP of the human disc. 32 It was found in other studies 33, 34 that an in situ forming hydrogel NP using hydraulic pressure concept could be used for DNR even without a container such as a balloon while preserving the biomechanical functions of the intact segment. However, most of in situ forming hydrogels are not injectable into the BN. Thus, the physical properties of a hydrogel required for its use in the BN are the injectability and the biocompatibility.
In addition, the static and fatigue strength of the BN implanted in situ should be also assessed for longterm clinical safety. The biomechanical behaviors after BN implantation should be delineated as a function of the mechanical properties of the inflating material for the selection of better inflating materials. Possible side effects resulting from chronic inflammation after BN implantation in an environment with low oxygen and pH should be carefully evaluated prior to clinical BN implantation.
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